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   Numerical methods for radiation hydrodynamics simulation are developed with Monte Carlo (MC) approach aiming to 
analyze anisotropic radiation field in a highly directional flow in both non-relativistic and relativistic regimes. A 
high-energy-density plasma flow produced by intense lasers and gamma-ray burst (GRB) emission process are investigated 
using simulation codes with appropriately approximated methods depending on the flow regimes. For non-relativistic cases, 
the laser-produced plasma experiments for generating a collisionless shock and for demonstrating magnetic-field amplification 
mechanism found in supernova remnants (SNRs) are analyzed with a developed radiation magnetohydrodynamics (MHD) 
code. For a relativistic case, on the other hand, a new MC radiative transfer code is validated in an ultra-relativistic background 
flow-field relevant to GRBs as a preliminary study for coupled computation of the MC radiative transfer with relativistic 
hydrodynamics. After a coupling computation without radiation back reaction is performed with the proposed method, a 
coupled code with radiation back reaction is developed and validated by comparing with results of a past study. 
   A radiation MHD code is developed and is used to simulate the experiments relevant to SNRs for the non-relativistic cases. 
A plasma flow produced by high-power lasers has recently been utilized to explore high-energy astrophysical phenomena in a 
laboratory. Such a laser-produced plasma can achieve a high-energy-density state with high-speed flow velocity and then 
experimentally demonstrate the similar situation to the astrophysical phenomena such as SNR shocks which propagate in an 
inhomogeneous interstellar medium. Numerical simulations modeling the experiments have been conducted for finding 
appropriate experimental parameters of input lasers and target configurations and analyzing the experimental results. The 
plasma density distribution produced by high-power lasers ranges over several orders of magnitude and includes both of 
optically thick and thin regions; thus, a numerical method of radiation hydrodynamics that can treat an anisotropic radiation 
field should be implemented. The shock structure is numerically analyzed, and a density jump observed in the shadowgraph 
image obtained by the preliminary experiment to generate a collisionless shock is identified to a contact discontinuity when the 
input laser energy is adjusted for minimizing discrepancy of the shock speed between the two-dimensional computation and 
three-dimensional experiment. Two peaks found in the Thomson scattering measurement are also reproduced in the simulation. 
Moreover, another experiment for exploring the magnetic-field amplification in SNRs is numerically analyzed by the 
developed radiation MHD code. A jet-like plasma flow is formed and Richtmyer-Meshkov instability (RMI) develops at an 
interface between the jet and a counter shock from another target with a laser offset, that is, non-uniform energy deposition, 
while the laser-produced plasma simply expands and the non-uniformity of the interface does not significantly grows without a 
laser offset. Although the magnetic field is amplified to almost 40 times greater level than the initial condition of 3.5 T, this 
amplification level is one-order smaller than the ideally predicted one because the magnetic field is amplified by mainly the 
compression effect rather than the stretching of the contact surface because of the insufficient evolution of the RMI. 
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   The radiation MHD code is refined by adding the MC approach for estimating an Eddington tensor to describe the 
anisotropic radiation field, and the simulation results are compared in the situation with and without the MC estimation. The 
convergence of the numerical solution is assessed with different numbers of MC sample particles. Obtained shock speed is 
higher in the computation with the MC-estimated Eddington-tensor than that with an assumption of isotropic radiation field 
because the pressure ahead of the shock wave is higher in the flow-field with the isotropic radiation due to the higher radiation 
temperature in such an area. The simulation results are converged as the number of the MC sample particles increases. Using 
2,000 sample particles for each computational step, one of the diagonal components of the Eddington tensor approaches unity 
in the optically thin region away from the target, while it approaches 1/3 in the optically thick region near the target, showing a 
consistency with an analytical prediction. 
   For reproducing GRB emission as a relativistic case, radiative transfer computation should be validated toward a coupled 
computation with relativistic hydrodynamics since the GRB spectral properties characterized by a broken power law have not 
been accurately reproduced in numerical works so far, and the coupled computation that can handle radiation anisotropy 
should be conducted with an ultra-relativistic flow-field in which the Lorentz factor of the flow velocity exceeds 100. In this 
dissertation, the detailed code validation with an ultra-relativistic flow-field is carried out before performing the coupled 
computation. Since the background flow-field modeling a relativistic jet develops with time, an appropriate time interval for 
updating the flow-field should be assessed and an appropriate spatial resolution for capturing the relativistic shock structure 
should also be examined. A three-dimensional MC radiative transfer code is developed for an ultra-relativistic background 
flow-field. The radiative transfer computations are performed in three different inertial frames in which the apparent Lorentz 
factor of the shock speed corresponds to 1, 10, and 100, and the results of angular distribution and energy spectrum are 
compared in the same frame. The angular distributions computed with different time intervals for updating the shock-front 
position show that the simulation result is converged with a sufficiently small time interval to resolve the mean free path of 
photons into ten steps, while smaller time interval for developing the flow-field may be needed for a case with radiation back 
reaction. The spectrum computed in each inertial frame shows that the peak energy is shifted to the high-energy side as the 
flow velocity increases due to the Doppler effect. The angular distributions and spectra transformed from each frame to the 
shock rest frame are in good agreement, so that the developed MC radiative transfer code is validated in the ultra-relativistic 
regime. The spectra are in better agreement by considering the true position of the shock front when photons cross the shock 
front. The spectra with the Compton scattering have a peak energy at ~102 keV because high-energy photons that gain energy 
once by bulk Compton scattering process are scattered again and lose their energy down to the electron rest mass energy. The 
angular distribution with the Compton scattering shows a rapid increase along the opposite direction to the flow. The 
Klein-Nishina (K-N) cross-section decreases with the increase in the photon energy, and the photons traveling toward such 
direction have relatively high energy; then, most of these photons escape from the computational domain without scattering 
any more. With the Compton scattering, the time interval for obtaining the converged angular distribution is larger than that 
only with the Thomson scattering because of the energy dependence of the K-N cross-section. Therefore, the constraint of the 
time interval may be relaxed for the case with the Compton scattering. 
   The effect of the shock structure and photon emission position on the spectrum is examined as a preliminary for the 
coupled computation of the MC radiative transfer with relativistic hydrodynamics. The radiative transfer computations are 
carried out with discontinuous and artificially smeared shock fronts. High-energy photons of 1–10 MeV order decrease with 
the smeared shock front compared to that with the discontinuous shock front. The optical depth immediately behind the shock 
wave is smaller with the smeared shock front, and photons that attain higher energy through the bulk Compton scattering and 
travel to the observer decrease. In this test problem, 105 computational cells are employed; however, it is difficult to employ so 
many cells per dimension in multi-dimensional simulations. Therefore, the high-energy tail is difficult to be obtained unless a 
progressive idea is introduced such as high-order accuracy hydrodynamics computation. Moreover, the radiative transfer 
computation is conducted with different photon initial positions. High-energy component decreases in the obtained spectra as 
the initial photon position is deep in the optical depth because photons hardly travel across the shock front and the number of 
photons undergoing the bulk Compton scattering decreases. Since photons can be emitted all over the computational domain in 
the radiation hydrodynamics computation, overlapped spectra with different initial photon positions are computed. With a ratio 
of the shock width to the photon initial mean-free-path of ~10-3, the power-law index of the high-energy component is -2.8 
which is consistent with the observational result. Although the power-law index in the high-energy side approaches the 
― 337 ―
observational one with an extended shock front, the hydrodynamics simulation may produce such a widely smeared shock 
front by intrinsic numerical diffusion. So, the appropriate simulation conditions should be assessed for precise calculation. 
   The coupled computation of the MC radiative transfer with relativistic hydrodynamics is performed without radiation back 
reaction. In the hydrodynamics computation, the high-energy photons decrease because the shock width becomes wider due to 
the numerical diffusion as time advances, which yields the similar spectrum as that computed in the modeled flow-field with 
the smeared shock front. The spectrum computed with the large time interval for updating the flow-field has a flattened feature 
in the high-energy side, and this feature is inconsistent with the model computation. This is because that the large interval leads 
to a false judgment on whether a photon crosses the shock front. The radiation hydrodynamics computation with coarse 
computational grids may fail to sufficiently produce high-energy photons due to less bulk Compton scattering, and that with 
large time interval for updating the flow-field results in an artificial spectrum for the case without back reaction. 
   In the last part of this dissertation, the coupled computation of the MC radiative transfer with relativistic hydrodynamics is 
demonstrated with radiation back reaction. For the relativistic hydrodynamics code, Lagrangian scheme is employed with an 
artificial viscosity technique using leap-frog method. The coupling method is developed based on a previous work by using an 
estimator of the radiation force with the MC radiative transfer method. The radiation contribution to the flow is estimated by 
the MC sample photons traveling through the computational cell during a time duration not only by the MC photons absorbed 
in the cell. In the test calculation of a converging flow, the similar profiles in density and velocity distribution to the previous 
work are obtained; therefore, the developed coupling code is confirmed to work correctly. Since the non-thermal spectrum 
having observational features of GRBs may be obtained with the coupled computation that can describe the realistic 
development of the relativistic jet, more detailed understanding of GRB emission process is expected to be unveiled with the 
developed coupling code of the MC radiative transfer with relativistic hydrodynamics. 
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